Multi-walled carbon nanotubes (MWCNTs) were dispersed by melt-extrusion within Nafion® membranes in order to decrease the methanol permeability without deleterious effect on the ionic conductivity. The risk of short-circuits was minimized by keeping the carbon nanotubes content lower than the percolation threshold. Two series of carbon nanotubes grafted by carboxylic acid groups were used, i.e., commercially available carbon nanotubes and MWCNTs home-grafted by carboxylic acid containing alkyl radicals. The second series of nanotubes were more resistant to break-up during melt-processing. Methanol permeability was decreased by approximately 60% without any decrease in the ionic conductivity. In parallel, the Young's modulus was increased by 140% and 160% as compared to pure Nafion® at MWCNT contents of 1 and 2 wt%, respectively.
INTRODUCTION
Direct methanol fuel cell (DMFC) is a possible option for electricity generation because of a high energy density and simplicity of operation compared to systems including a reformer for the production of hydrogen from liquid fuel. The DMFC technology relies on fuel cells equipped with a proton exchange membrane (PEMFC) , that plays the role of the electrolyte. Most commercially available proton exchange membranes are fluorinated ionomers, such as Nafion® produced by DuPont. However, the high cost, low conductivity at low humidity and/or high temperature (>100°C), loss of mechanical stability at high temperature (>130°C) and high methanol crossover are the major drawbacks of these perfluoropolymers.
These problems must be overcome because a high methanol cross-over decreases not only the fuel efficiency, but also the cathode performance. Solid electrolyte membranes with a high proton conductivity (>0.0l S/cm) with little or no dependence on humidity above 100°C and with stable mechanical properties at high temperature are thus very desirable. Indeed, operation at elevated temperatures improves the kinetics of the electrode reactions and the CO tolerance of the electrocatalysts.
Two strategies are commonly used for tackling these problems. The first one consists in replacing Nafion® by alternative polymers, such as sulfonated polyetherketone [1, 2] , sulfonated polysulfone [3] [4] [5] , sulfonated aromatic polyimide [6, 7] and polybenzimidazole (PBI) doped by a strong acid, e.g., H 3 PO 4 and H 2 SO 4 [8] [9] [10] . PBI membranes are remarkable because they do not need to be humidified for exhibiting high ionic conductivity, which allows for operation at temperature higher than 100°C. The second strategy relies on the modification of ion-conducting polymers by inorganic fillers, such as silica [11, 12] , heteropolyacid [13, 14] , zirconium phosphate [15] [16] [17] and multi-layered silicates (montmorillonite) [18] [19] [20] [21] [22] [23] [24] . The main reason for the addition of these inorganic fillers is to reduce the methanol permeability while keeping the ionic conductivity as high as possible. An improvement of the water retention at high temperature and the mechanical properties of the membranes is also usually expected.
Carbon nanotubes are a new class of advanced filler materials with very interesting properties and capacity of improving the mechanical properties of polymer matrices and imparting their electrical conductivity [25] [26] [27] . Until very recently, their dispersion within fuel cell polymer membranes was not considered mainly because of risk of short-circuit caused by a non electrically isolated electrolyte. In 2006, Liu et al. demonstrated that this problem could be solved by keeping the content of carbon nanotubes lower than the percolation threshold [28] . The mechanical stability of Nation® membranes was improved by dispersing 1 wt% CNTs, without affecting the performances of the H 2 /O 2 fuel cell. However, the method used for the dispersion of CNTs, i.e., a ball-milling method followed by solvent casting, is not appropriate for scaling-up. When methanol fuel-cells are considered, the methanol permeability of the Nation® membranes is a problem. Although the cylindrical shape of carbon nanotubes is less suited than the platelet-shape of nanoclays, the effective dispersion of CNTs within Nation® membranes might significantly decrease the methanol permeability, while improving the performances and durability of the fuel-cell. This work relies on the hypothesis that the decrease in the ionic conductivity, which is commonly parallel to a decrease in methanol permeability, could be limited by carbon nanotubes pregrafted with carboxylic acid groups.
EXPERIMENTAL PART

1. Materials
The Nation® precursor, i.e., a perfluorosulfonyl fluoride copolymer resin (Nation® R-1100 resin) was supplied by Ion Power Inc., Bear, DE, USA. Commercially available thin multi-walled carbon nanotubes (MWCNT Thin; average outer diameter: 10 nm, purity higher than 95 wt%) and MWCNT functionalised by carboxylic acid (com. MWCNT-COOH; Nanocyl®-3101, average outer diameter: 10nm, purity higher than 95 wt%, <4 wt% COOH (0.9mmol/g)) were supplied by "Nanocyl S. A. " Belgium and produced by Catalytic Carbon Vapour Deposition (CCVD). 4,4'-Azo-bis-(cyanopentanoic acid) was purchased from Aldrich. Carboxylic acid containing MWCNTs (lab. MWCNT-COOH) were also home prepared by addition of 100mg of MWCNT Thin to a solution of 10g of 4,4'-azo-bis-(cyanopentanoic acid) in water at pH 10. The solution was deoxidized for 30 min by bubbling of nitrogen. The reaction mixture was heated at 80°C and stirred overnight. The nanotubes were filtered and washed several times with water. The modified carbon nanotubes were protonated by immersion in an acidic solution. Montmorillonite with a cationic exchange capacity (CEC) in the 80-95 mequiv. /l00g range and organomodifled by a hydroxyl containing alkyl ammonium (MMT 30B) was supplied by Southern Clay Products (USA).
Membrane preparation
The Nation® membranes were prepared by melt-mixing of the Nation® precursor with the required amount of carbon nanotubes at 180°C in a 5-cm 3 DSM microextruder under nitrogen at 200 rpm for 5 min, followed by processing with a laboratory two-roll mill at 200°C. The sulfonyl fluoride groups were hydrolysed by immersion in a solution of KOH/water/dimethylsulfoxide (1.5/3.5/5) at 80°C for 2h, followed by repeated immersion (three times) in a fresh solution of HNO 3 (20 vol%) for 1h. Before any characterization, the membranes were pretreated in a conventional manner, i.e., 1h in a boiling 5% H 2 O 2 aqueous solution, 1h in boiling 1 M H 2 SO 4 solution and repeated washing with Milli Q water (18 MΩ).
3. Characterization
MWCNT dispersions within Nation® were observed by transmission electron microscopy PHILIPS M100 at an accelerating voltage of 100kV. Thin sections (90nm) were prepared by ultramicrotomy (ULTRACUT E from REICHERT-JUNG) at -130°C. Micrographs were analyzed by using the KS 100 (Kontron Imaging System) software.
Thermogravimetric analysis (TGA) was performed under a nitrogen flow (60cm 3 /min) at a heating rate of 20°C/min from room temperature to 600°C, with a Hi-Res TGA Q500 from TA Instruments.
Methanol permeability was measured with a two-compartment cell filled with an aqueous solution of 1-butanol (0.2 vol%). Methanol (8 vol%) was added in the donating compartment. The methanol concentration in the receiving compartment was measured as a function of time by gas chromatography with 1-butanol as an internal reference. A detailed description of this method was reported elsewhere [21] . Ionic conductivity was measured by impedance spectroscopy at 1 kHz with four platinum probes in contact with the membrane using a frequencyresponse analyzer as detailed elsewhere [21] .
Stress-strain curves were recorded at room temperature with an INSTRON tester (model 5566) at 20mm/min tensile speed. The tensile modulus was calculated from the slope in the linear regime at 1% deformation.
RESULTS AND DISCUSSION
Mechanical stability and methanol permeability of Nation® are the two main properties that are expected to be improved by dispersion of carbon nanotubes. However, a decrease in ionic conductivity by these nanofillers may not be precluded. In order to restrict this drawback, two kinds of carboxylic acid containing MWCNTs were used, i.e., commercially available nanotubes (com. MWCNT-COOH) and nanotubes home grafted by alkyl radicals bearing a carboxylic acid group (lab. MWCNT-COOH) (Fig. 1) according to a previously reported technique [29] . A commercially available radical polymerization initiator, 4,4'-azo-bis-(4-cyanovaleric acid) (V501), was used, which, upon thermolysis, releases carboxylate containing alkyl radicals. This functionalization method was carried out under very mild conditions which are less harmfull to the nanotubes compared to the conventional method of strong oxidization (conc. HNO 3 ) under reflux. The grafting ratio (GR), defined as the weight ratio of the grafted radicals to the nanotubes, was determined by TGA after purification of the modified MWCNTs by repeated washing with basic water.
Fig. 1. Schematic grafting of the MWCNTs by carboxylic acid salt.
The average GR was 7.5 wt%, which corresponds to a carboxylic group content of 0.6mmol/g of MWCNTs. The modified carbon nanotubes were then protonated by immersion in an acidic solution. MWCNTs, com. MWCNT-COOH and lab. MWCNT-COOH, were then dispersed within Nafion® by melt-blending in a 5cm 3 microextruder at 180°C for l0min. However, the clusters formed by the sulfonic acid groups of Nafion® act as crosslinkers and prevent the polymer to be melt-processed below the degradation temperature. Therefore, another dispersion method was implemented, based on a Nafion® precursor, i.e., the sulfonyl fluoride derivative, which does not form clusters and is easily melted at 180°C. After the membrane formation, the sulfonyl fluoride groups are easily converted into acid by immersion in a solution of KOH/water/dimethylsulfoxide (1.5/3.5/5) at 80°C for 2h, followed by repeated immersion (three times) in a fresh solution of HNO 3 (20 vol%) for lh (Fig. 2) .
Fig. 2. Hydrolysis of the Nafion® precursor.
Dispersions of MWCNTs, com. MWCNT-COOH and lab. MWCNT-COOH, were observed by transmission electron microscopy (TEM) as shown in Fig. 3 . In each case, the carbon nanotubes were uniformly dispersed as single nanoobjects, no agglomeration being observed whatever the spot probed in the samples. No apparent difference in the dispersion extent of the nanotubes could be observed by TEM. However, the length of the com. MWCNT-COOH was much smaller than the MWCNT Thin, which confirms that these nanotubes are more fragile than the ones prepared by the home-grafting method. Nevertheless, the carbon nanotubes seem to be shortened by the melt-mixing process as testified by the TEM micrographs (<l µm).
In order to avoid any short-circuit in the fuel cell, the membrane should not be electrically conductive, thus, the carbon nanotubes should not percolate. The length and amount of the carbon nanotubes in the membrane should thus be carefully controlled. The electrical conductivity was measured by impedance spectroscopy for the MWCNT-filled membrane in the sulfonyl fluoride form, such that ionic conductivity cannot contribute to the measurement. Table 1 shows that below 2 wt%, the electrical conductivity is lower than the detection limit of the equipment. Above 3 wt%, although significant, the electrical conductivity of the membrane is low (<10 -3 S/cm). There is thus no risk of short-circuit during the fuel cell test operation whenever the MWCNT content of the membrane is lower than 2 wt%. The swelling degree of Nafion membranes is poorly affected by the MWCNT, the water uptake being approximately 23.5 ± 1% for the membrane before and after filling with 1 and 2 wt% of each type of MWCNT. The methanol permeability of the Nafion® membranes in the ionic form is reported in Fig. 4 . This property is decreased by ca. 60% when the neat polymer is filled with 2 wt% of MWCNTs. The same effect was observed upon the polymer addition by organomodified montmorillonite (MMT 30B, Fig. 4 ) [24] .
Fig. 3. TEM migrigraphs of Nafion® membranes filled with 1wt% of (a) MWCNT, (b) lab. MWCNT-COOH and (c) com. MWCNT-COOH.
FIG. 4. Methanol permeability of Nafion® membranes filled with MWCNT, com. MWCNT-COOH, lab. MWCNT-COOH and MMT 30B, as a function of the filler content (full lines are guides for the eyes).
Although fillers are expected to be less effective than the sheet-like fillers in improving the barrier property, the better dispersion of the MWCNTs compared to the layered silicates can account for comparable decrease in methanol permeability. The lab. MWCNT-COOH decreases further the permeability, which may reflect a better dispersion of the nanotubes compared to unfunctionalized MWCNTs. Beyond 2 wt% filler, the methanol permeability does not decrease anymore, but rather increases slightly with the MWCNT content more likely because of the aggregation of the nanotubes. The influence of com. MWCNT-COOH on methanol permeability is lower than in the two other cases more likely because of the shorter length of these nanotubes. Fig. 5 shows that addition of MWCNTs decreases slightly the ionic conductivity of the Nation® membranes.
Fig. 5. Ionic conductivity of Nafion® membranes filled with MWCNT, com. MWCNT-COOH, lab. MWCNT-COOH and MMT 30B, as a function of the filler content (full lines are guides for the eyes).
This decrease is very small compared to the effect observed upon addition of montmorillonite (5% versus 25% at 2 wt% filler content) [24] . It is however erased by the grafting of carboxylic acid onto the surface of the MWCNTs. A slight increase is even observed at low filler content. The addition of 2 wt% of lab. MWNT-COOH increases the ratio between the ionic conductivity and the methanol permeability (C/P ratio) by a factor 2, which is at least as effective as the addition of silica particles (1.5 times increase) [30] [31] , a combination of Zirconium oxide and zirconium phosphate (2.3 times increase) [33] and palladium nanoparticles (1.5 times increase) [34] . The effect of the MWCNTs on the mechanical properties of the Nation® membranes has been evaluated by tensile testing at room temperature (Fig. 6 ). The Young's modulus is increased by 140% and 160% for MWCNT contents of 1 and 2 wt% as compared to pure Nation®, respectively. The reinforcing effect of the MWCNT should delay any membrane failure which occurs rapidly when Nafion® is hydrated at temperature higher than 80 °C. The increase in the Young's modulus is slightly higher in case of lab. MWCNT-COOH, consistent with a better dispersion. Again, the shorter length of com. MWCNT-COOH accounts for a lower increase in Young's modulus observed in this case. In each case, the Young's modulus levels off at MWCNT contents exceeding 2 wt%, in relation to the incipient aggregation of the nanotubes.
CONCLUSIONS
Nafion® membranes were modified by multi-wall carbon nanotubes by a straightforward melt-mixing technique. No electrical conductivity was measured for nanofiller content lower than 2 wt%, such that any risk of shortcircuit was avoided. TEM observations confirmed the effective dispersion of the nanotubes. Consistently, the methanol permeability was significantly decreased whereas only a slight decrease in the ionic conductivity was observed. The well-balanced effect of the nanotubes on the barrier property and the ionic conductivity of Nafion® was even improved by the surface modification of the MWCNTs by carboxylic acid groups. Radical grafting of aliphatic carboxylic acid onto MWCNTs proved to be less deleterious to the length of the nanotubes than the conventional carboxylation by strong oxidizing treatment. Finally, 2 wt% of MWCNTs was beneficial to the Young's modulus of the membranes, that increased by 160% as compared to pure Nafion®.
